Zoledronic acid and pamidronate are the two bisphosphonates approved to reduce multiple myeloma skeletal complications in the United States. Little prior evidence exists comparing survival outcomes between the two. We evaluated the incidence of skeletal related events and overall survival in myeloma patients treated with zoledronic acid versus pamidronate using a cohort of 1,018 United States Veterans. At median follow-up of 26.9 months, patients receiving zoledronic acid had a 22% reduction in risk of death compared to pamidronate (hazard ratio (HR) 0.78; 95% CI, 0.67-0.92). The benefi t persisted after controlling for potential confounders. Adjusted Cox modeling with inverse probability weighting and propensity score matching supported these fi ndings. Zoledronic acid was also associated with a 25% decrease in skeletal-related events. Zoledronic acid is associated with increased overall survival and decreased skeletal related events compared to pamidronate in patients with multiple myeloma and should become the preferred bisphosphonate.
INTRODUCTION
Multiple myeloma is a plasma cell malignancy that causes significant bone destruction. At the time of diagnosis, 80% of patients have osteolytic lesions. 1 Multiple myeloma cells express interleukin (IL)-6, macrophage inflammatory protein (MIP)-1α, and dickkopf (DKK1), that recruit and activate bone-destroying osteoclasts and suppress bone-forming osteoblasts causing severe bone loss and decreased bone integrity. 2, 3 Bone destruction places patients at risk for skeletal-related events defined as, bone lesions requiring surgery or radiation, pathologic fractures, hypercalcemia and spinal cord compression. 4 Skeletal-related events cause significant morbidity and increase mortality. 5 Therapy directed at preventing bone loss in multiple myeloma decreases skeletal related events and has the potential to improve survival.
Bisphosphonates are the treatment of choice for prevention of bone destruction in multiple myeloma. 6, 7 The nitrogen-containing bisphosphonates, zoledronic acid and pamidronate, inhibit farnesyl diphosphate synthase thereby inhibiting protein prenylation, a process crucial for osteoclast formation and survival. 8 Inhibition of protein prenylation also interferes with cell adhesion, migration, and proliferation with preclinical studies demonstrating anti-tumor activity of bisphosphonates through effects on tumor cells, myeloid derived suppressor cells, gamma-delta T-cells and angiogenesis. [9] [10] [11] [12] Morgan et al showed increased overall survival in 1,970 multiple myeloma patients treated with zoledronic acid compared to a non-nitrogen containing bisphosphonate (clodronate). 6 The increased survival was independent of the effect on prevention of skeletal related events, supporting the hypothesis that zoledronic acid has additional anti-tumor activity. Indeed, several randomized clinical studies have demonstrated that administration of bisphosphonates in high-risk early stage breast cancer or in
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selected patient subsets has been associated with improved survival. [13] [14] [15] [16] The molecular mechanism(s) for these effects remains under active investigation.
Both zoledronic acid and pamidronate are widely used for prevention of bone destruction in multiple myeloma. 7 In vitro studies show that zoledronic acid is 10 times more potent than pamidronate in the inhibition of farnesyl diphosphate synthase, 17, 18 _ENREF_11 a finding that may also translate to increased osteoclast and tumor cell apoptosis via increased inhibition of protein prenylation. A Cochrane meta-analysis of 20 trials found an association between higher bisphosphonate potency, measured by degree of inhibition of farnesyl diphosphate synthase, and overall survival in multiple myeloma. 19 The VHA is the largest integrated health care system in For personal use only. 20 Hemoglobin, estimated glomerular filtration (eGFR) using the chronic kidney disease epidemiology collaboration (CKD-EPI) formula, and albumin were measured at the time closest to but within two months of diagnosis and prior to treatment initiation. Patients with skeletal-related events were identified using a combination of ICD-9 and common procedural terminology codes using previously described methods. 21, 22 Overall survival was measured from the date of diagnosis of multiple myeloma until the date of death or end of the study follow-up period, whichever came first. Date of death was obtained from VHA vital status files. Patients with missing data were excluded from the study.
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Baseline patient characteristics were compared between the zoledronic acid and pamidronate arms using Chi-square and Cochrane-Mantel-Haenszel tests on categorical variables and the unpaired Student's t-test on continuous variables. A two-tailed alpha significance level of less than 0.05 was used for all analyses. All statistical analyses were performed using SAS version 9.2 (SAS Institute, Cary, NC).
The primary end point of the study was median overall survival at 5-years. Unadjusted survival curves were generated using the method of Kaplan-Meier with statistical comparisons using the log-rank statistic. 23 Cox proportional hazards regression modeling was used to assess association between bisphosphonate use and overall survival while controlling for known For personal use only.
unmeasured patient covariates. Balancing patient covariates minimizes potential confounders that would also influence the outcome of interest. It was anticipated that patient covariates would significantly differ between the zoledronic acid and pamidronate treatment groups given the observational nature of the study. While Cox proportional hazards adjustment can account for differences in measured covariates, use of propensity scores can balance unmeasured covariates and decrease confounding bias. 24 Propensity scores were generated using logistic regression to estimate the probability that each patient would receive zoledronic acid conditional on observed baseline patient covariates, 24 providing us with the probability that each patient in the cohort, regardless of treatment group, would have received zoledronic acid. This probability is the propensity score. The individual variables used in the propensity model included: age (continuous variable), race, sex, treatment at a VHA affiliated with a large academic center, county size of treating VHA, eGFR, autologous transplant status, recipient of dexamethasone monotherapy, BMI, and year of diagnosis (continuous variable). Treatment outcomes between patients with similar propensity scores in the zoledronic acid versus pamidronate group can then be fairly compared.
Propensity score analyses were performed using the inverse probability weighting approach of Cole and Hernan 25 and propensity score matching. The covariates for each propensity model were those used in the main analysis. A comparison of patient covariates before and after generation of the propensity score verified the performance of the inverse probability weighting and propensity score matching (Table I) . For personal use only.
was approved in February 2002 for the same indication. Because pamidronate and zoledronic acid were approved at different times, clinical implementation of zoledronic acid lagged behind pamidronate. Therefore an analysis including bisphosphonate treatment crossovers was performed. In this analysis, patients who started on pamidronate but switched over to zoledronic acid were included in the pamidronate only arm (n=191, for a total of n=826) while patients who started on zoledronic acid but switched to pamidronate were included in the zoledronic acid only arm (n=134, for a total of n=517).
RESULTS
A total of 1,369 patients with multiple myeloma received zoledronic acid and/or pamidronate, of which 26 were excluded for missing data ( Figure 1 ). Of these patients, 383
received only zoledronic acid and 635 received only pamidronate, for a primary cohort of 1,018
patients. Patients receiving zoledronic acid were less likely to undergo autologous hematopoietic transplantation, had a higher eGFR at diagnosis, were more likely to receive a novel agent as first line therapy, were more likely to live in a larger county, were more likely to ever receive lenalidomide, and were less likely to receive dexamethasone monotherapy. After propensity score adjustment for these and other factors, characteristics were well balanced between the groups at baseline (Table I ). The median follow-up time for the cohort was 26.9 months.
Multiple myeloma patients receiving zoledronic acid had significantly improved overall survival compared to patients receiving pamidronate (Figure 2 For personal use only.
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in patients who received zoledronic acid compared to those who received pamidronate with patients receiving zoledronic acid having a 22% reduction in the risk of death compared to those receiving pamidronate (HR 0.78; 95% CI, 0.67-0.92) (Table II) . Several factors were associated with decreased overall survival in Cox regression modeling including: higher Romano-Charlson score per point increase, BMI <18.5 compared to normal weight BMI, hemoglobin < 10 g/dL, and eGFR < 30 mL/min/1.73m 2 ; while recipient of a stem cell transplant and first line treatment with a novel agent were all associated with improved overall survival (Table II) .
In addition to impact on overall survival, zoledronic acid reduced the risk of skeletalrelated events compared to pamidronate by 25% (HR 0.75; 95% CI, 0.60-0.94). We also assessed the incidence of osteonecrosis of the jaw in the two-bisphosphonate populations. Of the 383 patients receiving only zoledronic acid, 10 developed osteonecrosis of the jaw (2.6%); while, 5 of the 635 patients who received only pamidronate developed osteonecrosis of the jaw (0.8%).
Using the propensity score with inverse probability weighting, the reduction in risk of death was maintained with zoledronic acid compared to pamidronate (aHR 0.84; 95% CI, 0.72-0.97) (Figure 3 ). This benefit was confirmed by the propensity score matched model (aHR 0.82; 95% CI, 0.68-0.97), although the statistical significance was borderline due to due to a smaller number of matched patients resulting in decreased statistical power.
Of the 1,343 patients initially identified, 517 started with zoledronic acid of whom 134 switched to pamidronate, while 826 started with pamidronate, of whom 191 switched to zoledronic acid. When bisphosphonate treatment crossovers were combined with the monotherapy cohort, the reduction in the risk of death from zoledronic acid remained significant (HR 0.76; 95% CI, 0.67-0.87).
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DISCUSSION
In this large, multicenter cohort study of over 1,300 patients, zoledronic acid reduced the risk of death by 22% compared to pamidronate in patients with multiple myeloma (HR 0.78; 95% CI, 0.67-0.92). This benefit persisted even after controlling for potential confounders:
Romano-Charlson comorbidity score, eGFR, hemoglobin, albumin, BMI, treatment with a first line novel agent, and receipt of an autologous stem cell transplant. Additionally, given the improvement of supportive care anticipated over the later part of the decade during which this study occurred, as well as the knowledge of the introduction of new, superior myeloma specific therapies during the later half of the decade studied, we adjusted for era of diagnosis to account for any survival benefit patients diagnosed later would have had. To account for inherent differences in baseline and treatment characteristics between the two treatment groups, propensity scores were used to balance the baseline covariates and minimize confounding. While there was significant overlap between the two groups, on average, patients who received pamidronate had a lower probability of being selected for zoledronic acid therapy (Figure 4 ).
Zoledronic acid remained superior to pamidronate with inverse probability weighting (aHR 0.84; 95% CI, 0.72-0.97) and propensity score matching (aHR 0.82; 95% CI, 0.68-0.97) confirming its benefit. The benefit of zoledronic acid on overall survival persisted even after including patients whose bisphosphonate treatment crossed over. Additionally, zoledronic acid also reduced the risk of skeletal-related events by 25% (HR 0.75; 95% CI, 0.60-0.94).
Our results are consistent with those reported by Morgan et For personal use only.
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potency was associated with improved overall survival in multiple myeloma. 19 No prior survival study directly compared zoledronic acid to pamidronate. A single phase III randomized control trial compared the efficacy of zoledronic acid versus pamidronate on skeletal-related events in patients with breast cancer or multiple myeloma. 26 Zoledronic acid was associated with a 16% reduction in the risk of a skeletal complication compared to pamidronate (HR 0.84; 95% CI, 0.72-0.98) in that cohort; however, the study was not powered to detect a difference in the myeloma only cohort (n=194) (p = 0.59). Thus, our findings add to the growing body of evidence that zoledronic acid is superior to pamidronate in patients with multiple myeloma.
The mechanism by which zoledronic acid may decrease mortality cannot be determined by this observational study, but is worthy of investigation. Nitrogen-containing bisphosphonates promote osteoclast apoptosis via inhibition of farnesyl diphosphate synthase, an enzyme crucial for prenylation of proteins needed for cell survival, and this inhibition may exert an anti-tumor effect in multiple myeloma. 11 Zoledronic acid is the most potent FDA-approved bisphosphonate in inhibition of farnesyl diphosphate synthase. 17 It is hypothesized that greater inhibition of this enzyme may in turn increase the anti-tumor effect. Multiple myeloma cells promote enhanced osteoclast mediated bone resorption, which results in the release of growth factors from the bone matrix. The released growth factors feed forward to promote tumor cell growth and survival. 3, 4 Additionally, the protein families Ras and Rho are affected by inhibition of farnesyl diphosphate synthase, both of which have been linked to myeloma cell growth and survival. These mechanisms are hypothesized to be responsible for nitrogen-containing bisphosphonate antitumor activity.
There were several strengths associated with the use of the VHA cancer registry for this study. The VHA is the largest integrated health care system in the United States with facilities in Leuk Lymphoma Downloaded from informahealthcare.com by Oslo universitetssykehus Aker on 06/04/14
all 50 states and Puerto Rico, providing care to a diverse population drawn from throughout the United States. Healthcare is provided regardless of ability to pay, resulting in the inclusion of medically underserved patients into the cohort. As a population-based study, this study was able to evaluate effectiveness in a real world setting. This diversity allows for generalization of our findings to a large population of multiple myeloma patients. Given the comprehensive benefits provided by the VHA, the records regarding survival status are well maintained and accurate. 27 The retrospective identification of covariates from medical records limits the data available for inclusion in the analyses. Consistent with routine care, only a fraction of patients had cytogenetic or fluorescence in situ hybridization testing performed, prohibiting us from including these results into our analyses. This study also does not address the optimal duration of bisphosphonate therapy. Current guidelines recommend continued administration of a bisphosphonate while patients have active multiple myeloma. 7 While incidence of osteonecrosis of the jaw was higher in the zoledronic acid group (2.6%) versus the pamidronate group (0.8%),
an association between bisphosphonate and risk of osteonecrosis of the jaw could not formally be assessed. While the VHA is a comprehensive care facility, not all institutions have available a dental service to provide dental care and diagnose osteonecrosis of the jaw. Thus, a significant proportion of patients in our cohort may have received dental care outside of the VHA, and thus could have been missed in our assessment. The median overall survival noted in our cohort is less than that observed in recent randomized prospective trials. This is likely attributable to the presence of an older patient population with increased co-morbidities compared to the selective population of patients eligible for clinical trials. This is supported by the frequency of autologous stem cell transplantation within this study cohort, which is less of that than the general population. 28 Lastly, while we incorporated multiple methods to adjust for the presence of Leuk Lymphoma Downloaded from informahealthcare.com by Oslo universitetssykehus Aker on 06/04/14
confounding, adjusted analyses can only address these issues partially. Zoledronic acid was more commonly the agent of choice in the second half of the study period analyzed. Patients entering the cohort in the second half were also more likely to receive more modern, effective therapies first line which invariably impacted their survival. Additionally, patients with renal insufficiency are more likely to receive pamidronate given prescriber concern regarding adverse effects of renal insufficiency associated with the more potent bisphosphonate zoledronic acid. While we performed adjustment for these variables, they may have still influenced to a degree our outcome. Finally, it is possible that unmeasured confounders were present in the groups that could influence the outcome of interest. These limitations notwithstanding, our data strongly suggests that zoledronic acid improves overall survival compared to pamidronate in patients with multiple myeloma.
Current guidelines recommend use of a nitrogen-containing bisphosphonate, zoledronic acid or pamidronate, for prevention of skeletal-related events in patients with multiple myeloma. 7 With little prior evidence supporting use of zoledronic acid over pamidronate, some institutions prefer pamidronate due to reduced drug acquisition costs. However, with the recent expiration of the patent on zoledronic acid, generic versions of zoledronic acid will reduce cost. 29 The shorter infusion time of zoledronic acid (15-minute infusion) compared to pamidronate (120-minute infusion) is another advantage that is more attractive to patients and decreases drug administration costs. 30 In summary, zoledronic acid is associated with improved overall survival and fewer skeletal related events, has comparable drug cost, and has a shorter infusion time compared to pamidronate. Based on these benefits, zoledronic acid should become the preferred bisphosphonate for most patients with multiple myeloma. For personal use only. For personal use only. 
